Abstract: This paper provides insight into the complicated issue of launch vehicle resonate cavity effects that has applicability outside of the space industry. Radiation from spacecraft or launch vehicle antennas located within the enclosures of a launch vehicle generates an electromagnetic environment that is difficult to predict accurately. This paper discusses the test results of power levels produced by a transmitter within a representative scaled vehicle fairing model and provides preliminary modeling results at critical frequencies using a commercial tool. Initially, fairing walls are aluminum and are then layered with materials to simulate acoustic blanketing structures that are typical in payload fairings. The effects of these blanketing materials on the power levels within the fairing are examined. Industry data is also reviewed for comparison purposes.
I. BACKGROUND Intentional and inadvertent activation of spacecraft or vehicle emitters while inside a launch vehicle fairing is a long-standing issue in the space industry. The primary RF transmitters for spacecraft and launch vehicles operate at frequencies in the UHF, S, C and X Bands. It is often a requirement to evaluate the effects of spacecraft radio frequency (RF) transmission while enclosed within a payload fairing. Transmission in the fairing can be either intentional to communicate with ground stations or unintentional because of insufficient transmitter inhibits. In addition, since at fairing separation launch vehicles typically change from external fairing antennas to internal antennas, there is often a transient RF cavity effect produced within the fairing until the fairing is completely deployed at separation.
Because of short wavelengths and typically small antenna dimensions relative to spacing between emitters and sensitive equipment, analysis of the RF environment for the typical external antenna case can be performed in the far field under free space conditions thus making the calculations straight forward. In the enclosed fairing, however, multiple reflections, scattering and resonances occur that complicate this analysis. Since fairing dimensions can be several meters and accurate modeling of these fields requires a mesh with no more than 1/10 of a wavelength, the computational capabilities and resources required are enormous.
Although separate testing and analysis have been performed independently by some launch vehicle providers, the data is proprietary and not published. Consequently, no consistent approach has been used across the launch vehicle community to deal with this cavity problem. With recent expansion in computational processing capability and the availability of a fairing test fixture, a new RF cavity study is underway to test and simulate this complex cavity environment.
II. MODELING AND SIMULATION
The long-term goal of this study is to simulate the RF environment within a launch vehicle fairing containing any vehicle or spacecraft transmitter. In this paper, we model a specific fairing fixture, including the transmit antenna, and simulate the received power from a similar antenna.
A. Fairing Fixture
The fairing fixture is the one used earlier for a computational fluid dynamics study in the launch services program [1] . It is made of Lexan (similar to Plexiglas) with a thickness of .06 inches. The fixture was divided into several longitudinal sections to facilitate fabrication of a fairing-like model. There is a nose section, a cylindrical mid-section and a tapered lower section. Each section ends in an outer lip so that it can be bolted to the other sections. A metal frame is used at the outside structure for support. The fixture height is approximately 2 meters and the diameter of the center section is 0.6 meters. This is smaller than typical launch vehicle fairings which range from 1 to 5 meters in diameter and 4 to 28 meters in height. The internal cavity was lined with industry aluminum foil and smoothed as much as possible to simulate aluminum fairing walls of a typical launch vehicle. The aluminum lined fairing fixture shown in Fig. 1 is the baseline structure model used for simulations and testing. 
B. Fairing Fixture Computer Model
A Pro-Engineer (PTC's Pro-E) 3D product design CAD Software model of the fairing structure was developed and imported into the electromagnetic simulation software, EM Software & System's FEKO. The fairing walls were modeled as perfect electric conductors (PEC) in the FEKO model, with the bolted sections being modeled as continuous sections. Fig. 2 shows the outer shell of the fairing model used in FEKO. A new mesh of the fairing model was created with a 1/10 wavelength resolution for each data point in 100 MHz increments. 
C. Antenna Model
The antenna was modeled in FEKO to match the antenna structure of EMCO 3115, Double Ridge Horn Antenna shown in Fig. 3 [2] . The FEKO antenna model is shown in Fig. 4 . This FEKO antenna model was excited with a 1 Watt sinusoidal power source. The antenna pattern instead of the antenna model is used in the cavity model in order to speed up the processing time and have lower memory usage. For the simulation of the cavity model, the antenna patterns for the transmitter and receiver were used instead of the complete FEKO antenna model in order to speed up the processing time and have lower memory usage. Hence, to cover the 11 frequency values from 1 GHz through 2 GHz in 100 MHz steps, patterns were created for each frequency by re-meshing the FEKO antenna model and using these patterns for the source and the receiver in the fairing.
D. Model Simulation Data
The bare fairing wall case was simulated from 1 to 2 GHz in 100 MHz increments using the Multilevel Fast Multipole Method (MLFMM). The Method of Moments (MoM) was also tried, but this method would not converge beyond 1.4 GHz due to the complexity of the model and memory required. MLFMM is an alternative formulation of MoM that is applicable to large structures. MLFMM is similar to MoM in that basis functions model the interaction between all the triangles. The MLFMM, however, groups basis functions and computes the interaction between groups which saves computational resources [3] . The CPU, memory and CPU times required to run these simulations are shown in Table 1 . III. TEST SET-UP Tests were performed in order to evaluate the FEKO simulations. Although the simulations currently stop at 2 GHz, the test data extends to cover the range of the transmit and receive antennas from 750 MHz to 18 GHz so that it can be used for future simulation comparisons. The general test set-up is shown in Fig. 6 . The EMCO 3115 double ridge guide horn antenna is used for both receive and transmit antennas at the top and bottom of the model test fairing respectively. An Agilent E8257D Signal Generator was used to feed the transmit antenna at the bottom of the fairing. A spectrum analyzer measures the power level from the receive antenna at the top of the fairing in dBm. 
A. Power Sensitivity Testing
Baseline tests were performed for an aluminum lined fairing configuration. An amplifier was added to the set-up in Figure  6 and the power input to the antenna was set at levels between -20 dBm and 30 dBm. Input power levels were set at -20, 0, 16 dBm over the frequency range of 750 MHz to 18 GHz and at 30 dBm over the frequency range of 750 MHz to 11GHz . Fig. 7 shows the frequency response for these different power levels for the antenna in the aluminum lined test fairing. Although there is variation across the 750 MHz to 18 GHz frequency range, the data shows that these measurements are linearly scalable with power level. Accordingly, a 0 dBm transmit power level was selected for convenience for the remainder of the tests. 
B. Fairing Lining Layers
Lining materials were added to the inside of the fairing to simulate typical acoustic blankets inside vehicle fairings. Kapton 160XC, which is manufactured by DuPont, was used as a liner for the cavity since this material is specifically designed for RF absorption with a surface resistance of 377 ohms. Kapton is a material frequently used for launch vehicle and spacecraft blanketing materials due to its thermal insulating properties. Standard 1/2" foam was used to separate the blanketing material. The following test layers were considered: (i) Aluminum (ii) Aluminum-Kapton (iii) Aluminum-Kapton-Foam, and (iv) Aluminum-Kapton-FoamKapton. Data was generated for each of these cases.
IV. COMPARISON OF TEST AND SIMULATION RESULTS
The data taken from 750 MHz to 18 GHz for the four different lining configurations is shown in Fig. 8 . The test data obtained for the aluminum lined fairing shows wide variation in power levels. This case has predominately the highest envelope except at frequencies in the upper range of the test data (above 14 GHz) where the addition of foam and Kapton resulted in slightly higher levels. In the 4 -8 GHz range the aluminum lined case is 10 to 20 dB above the power data from all other lined cases. Each additional layer caused less power level fluctuation especially at higher frequencies. Minimal effects were observed from adding the foam only which is expected since the impedance of this material approaches free space. A profound smoothing effect was observed with use of multiple layers of Kapton and an approximately 20 dB decrease in power level above 14 GHz. To evaluate the validity of the test results from a general sense, the free space predicted value of received power was calculated at 1 GHz . The separation distance between the antennas is 1.57 meters, putting them in the far field range, the antenna gain is 4.09, and the transmitted power is 1mW, hence the received power is given by P received = (1mW)(0.3/(4 (1.57)) 2 (4.09) 2 = 3.8 Watts.
Buildup Received Power Comparison
Since the measured power at 1 GHz was 203 Watts, we can conclude that the amplification from the cavity is 10*log (203/3.8) = 17.27 dB.
Comparing this value to an approximate volume (0.3632 m^3) Q for PEC per [4] , we obtain Q= (16 ^2V)/ ^3 = 2124 = 33 dB. Accordingly, it seems reasonable that the measured power levels within the cavity are significantly higher than the free space calculated values.
The simulated received power level from the FEKO model is shown in Fig. 9 . This data was converted to dBms and directly compared with the test data as shown in Fig. 10 . This comparison shows reasonable correlation between test and simulation results for this electrically large cavity. The average difference in the 1 to 2 GHz band is 0.842 dB with a peak difference of 5.38 dB. Some variation would be expected due to gain differences in the test case for the transmit and receive EMCO antennas, the aluminum foil lining in the test case versus the PEC in the simulation case, and possible leakage from the test cavity where the structure is pieced together.
Simulation vs. Test Data
One noteworthy work on this topic is by Hallet and Redell [5] who sought to quantify the fairing fields using Poynting's theorem to solve for an equivalent wave that would dissipate the transmitted power in the surface areas of the surrounding fairing, blanketing materials and associated apertures. A significant contribution of this report was the technique of accounting for layered materials by representing them as one equivalent boundary material.
The electric field approximation technique using equation (1) is extensively discussed in the report. Computer model comparisons of this technique will be presented in future publications to evaluate the blanketed test case presented here.
V. CONCLUSIONS This study compares simulation and test results of power levels generated by a transmitter for a frequency range of 1 -2 GHz in a small, scaled launch vehicle fairing PEC cavity. Various fairing linings (blanketing materials) were studied. Reasonable correlation between the simulation and test results were shown. Both the simulation and test case showed frequency dependent variation in the power data which is expected with multiple reflections at the layers. Losses contributed by the blanketing materials were shown to be comparable to the available industry reports. The layered RF absorbing liners test case showed the largest reduction in the observed power levels. 
VI. FUTURE WORK
n is the complex impedance of the surface material Future plans for this work include: (1) extension of simulation frequencies to cover key launch industry frequencies available in the test case, especially S, C and X band, (2) simulation of the blanketed test case, and (3) modification of testing and simulation to examine more points in the cavity to identify changes in eigenmodes within a fairing cavity. This test modification should explore the use of omni-directional antenna to separate cavity effects from the gain of the antenna. n Limited test data is also provided in the report and repeated here in Fig. 11 . Although the test data in [5] cannot be directly compared to the test configurations and measurements of this study, general comparisons to the test data can be made. Attenuation in field strengths of 8 to 26 dB due to blanket materials in a fairing is reported in [5] . Significant attenuation from the blanketing material also reported here in Figure 8 . However the standing wave pattern predicted from the separation between the layers of the blanketing materials in [5] was not nearly as pronounced in this study.
